During cardiac arrest and return of spontaneous circulation (CA-ROSC), autophagosome clearance in the cortex is progressively impaired, but the role of reactive oxygen species (ROS) in this process and the mechanism underlying the autophagy impairment remain unknown. In this study, we investigated the impacts of ROS on the autophagy-lysosome pathway after CA-ROSC in rats. Cortices from CA-ROSC rats revealed accumulation of LC3, p62 and ubiquitin, indicating impaired autophagic flux. Furthermore, impairment of autophagic flux was related to lysosomal lesion, as indicated by decreased cathepsin D and lysosomal-associated membrane protein 2 (LAMP2) levels after CA-ROSC. In vitro, the resulting ROS generation blocked autophagosome processing and caused accumulation of LC3-II, ubiquitin, and p62, leading to mitochondrial dysfunction and cell death; this outcome was alleviated by cyclosporine A (CsA) pretreatment. Interestingly, ischemia/reperfusion injury was connected with ROS-mediated Beclin-1 upregulation and a reduction in LAMP2, which is a pivotal protein in the autophagy-lysosome pathway. Recovery of the LAMP2 levels and partial Beclin-1 silencing restored the autophagic flux and reduced cell death after CA-ROSC. Taken together, our data indicate that CA-ROSC injury impairs autophagosome clearance partially through a ROS-induced decline in LAMP2 and increase in Beclin-1, leading to increased neuronal cell death.
Introduction
Cardiac arrest (CA) is the most critical clinical emergency [1] . Return of spontaneous circulation (ROSC) after CA is a pathophysiological state that results from successful cardiopulmonary resuscitation (CPR) [2] . Patients suffer from brain injury after CA, and nervous system impairment is related to the high mortality and poor quality of life among these patients [34] . Although the mechanisms underlying this process are complex, autophagy has been identified as an essential determinant of progression in nervous system dysfunction.
Macroautophagy, which is a lysosomal degradative mechanism, is essential for maintaining neuronal function during CA [56] . Autophagy involves the segregation of impaired cargo and proteins within autophagosomes, which are decomposed within lysosomes; efficient autophagic flux is essential for cell survival. However, some recent evidence has indicated that impaired autophagosome processing may also be responsible for neuronal cell death [7] . Among the mechanisms of neurodegenerative disease, reactive oxygen species (ROS) have recently been reported to impact the brain after cerebral ischemia/reperfusion [89] . However, whether ROS induce impaired autophagic flux and lead to programmed cell death or necrosis during CA-ROSC remains elusive [10] .
In this study, we discovered that LC3 and p62 accumulated after CA-ROSC due to obstruction of autophagic flux and impairment of lysosomal proteins. In addition, generation of ROS by CA injury was related to accumulation of autophagosomes in the cortex. Decreased ROS generation could attenuate the harmful effects of CA-ROSC by amelisurvival in rats. In the present report, we have used several methods to examine the relationship among the impaired autophagic flux, lysosomal function and ROS.
Results

Autophagosome accumulation in the cortex of CA-ROSC rats
To investigate the alteration of autophagy after CA-ROSC, we performed western blotting to evaluate the autophagy marker protein LC3-II. Transformation of LC3-I to LC3-II by accretion of phosphatidylethanolamine is necessary for autophagosome formation [1112] . We observed an increased LC3-II protein level after CA-ROSC; the level peaked between 3 and 6 h and then gradually decreased by 24 h (Fig. 1a  and b) . Within 6 h after CA-ROSC, the number of LC3-positive cells in the cortex was higher in the CA rats than in the sham rats ( Fig. 1f and  g ), suggesting increased autophagy initiation and autophagosome vesicle formation. b-d, Densitometric analysis (mean ± SEM, n = 5 animals per group) of the proteins from (a) were normalized to the respective loading controls. e, Representative immunofluorescence images of LC3 (green) and DAPI (blue) double staining in cortex after CA-ROSC. Scale bar = 100 μm f, High magnification images of sham and TBI cortex from GFP-LC3 mice. The puncta correspond to phagophores and/or autophagosomes. Nuclei were stained with DAPI. g, Quantitative analysis of LC3B puncta per cell. The data are presented as the mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 2 . Autophagy processing is impaired in the cortex after CA-ROSC. a, Immunoblots analysis of ubiquitin and SQSTM1/p62 in cortical tissue lysates from shamoperated and injured animals. b-c, Densitometric analysis of (b) SQSTM1/p62 and (c) total ubiquitinated proteins with respect to the loading control, β-actin (n = 6, **P < 0.01). d, Representative immunofluorescence images of LC3 and SQSTM1/p62 double staining. Scale bar = 100 μm.e, Quantification of LC3-positive cells (black bars) and LC3 and SQSTM1/p62 double-positive cells (gray bars). The percentages of double-positive vs. single-positive cells are indicated. n = 5, **P < 0.01; at least 1000 cells were quantified per mouse per experiment. f, Immunoblots of LC3, p62 was assessed with β-actin as a loading control. In the presence of chloroquine (CQ; 10 mg/kg i.p. injected 1 h before surgery; or saline-diluent control). g-i, Densitometric analysis of (g) LC3 and (h) SQSTM1/p62 and (i) Beclin-1 with respect to the loading control, β-actin (n = 5-6, *P < 0.05, ***P < 0.001).
To investigate the effect of CA-ROSC on autophagosome formation, we examined the levels of proteins involved in the autophagic signaling pathway in the cortex. mTOR is a critical upstream kinase that acts to downregulate autophagy [13] and has been proven to be regulated by ROS [14] . The PIK3C3/VPS34-Beclin-1 complex contributes to the regulation and initiation of autophagy [12] . In our model, mTOR was rapidly decreased by 3 h after CA-ROSC (Fig. 1a, d ). The Beclin-1 levels were markedly higher in the injured rats than in the sham group rats (Fig. 1a, c) . These data suggest that LC3-II and autophagosomes increase within the cortex after CA-ROSC and that autophagy initiation is also increased after CA-ROSC.
Autophagosome clearance is impaired in cortexes subjected to CA-ROSC injury in vivo
Autophagosome accumulation can be caused by damage to the autophagy-lysosome pathway, which is involved in elimination of injured proteins and organelles. Damaged organelles are transported to autophagosomes by p62 [1516] . Therefore, we evaluated the efficiency of the autophagic process after CA-ROSC. We found that p62 protein levels peaked in the vulnerable sensorimotor cortex 6 h after CA-ROSC (Fig. 2a, c) . The above results are consistent with the increase in autophagosome-bound LC3-II immediately after CA-ROSC. Similar to those of p62, the ubiquitinated protein levels also increased ( Fig. 2a and  b) . Ubiquitinated proteins are degraded by the autophagy-lysosome pathway, and their duration can result from previously described impairment of proteasomal degradation after CA-ROSC or to a lack of sufficient time after CA-ROSC for all accumulated organelles to be cleared. In keeping with the immunoblotting data, the immunohistochemical data showed significantly higher p62-LC3 colocalization in the injured cortexes than in the uninjured control cortexes (Fig. 2d) .
To verify the mechanism of impaired autophagosome clearance, we treated rats with the lysosomal inhibitor chloroquine, which results in accumulation of autophagosomes and increased LC3-II. Addition of chloroquine before CA-ROSC treatment caused no further increase in the LC3-II or p62 level compared with that of CA-ROSC alone ( Fig. 2e-f ). This result suggests that CA-ROSC blocks one of the late steps of the autophagic flux. Based on the above data, we propose that autophagosome processing is impaired in the cortex after CA-ROSC, resulting in the accumulation of autophagosomes and ubiquitinated proteins, which is related to neuronal cell death.
Inhibiting the generation of oxidative stress can restore the autophagic flux
The autophagic flux is a dynamic process. Under normal cell homeostasis, autophagosomes are degraded in lysosomes. We assessed lysosomal protein levels in the cortexes of the injured and control animals by western blotting. We found that the level of lysosomal-associated membrane protein 2 (LAMP2), which is a key protein involved in the autophagy-lysosome pathway, significantly increased from 1.5 to 3 h after CA-ROSC. However, by 6 h, the level of this protein was slightly decreased in the injured animals compared to that in the sham rats ( Fig. 3a and b) . The lysosomal membrane protein cathepsin D showed an expression pattern similar to that of LAMP2 (Fig. 3a, c, d ). In addition, the immunofluorescence results showed decreased and increased LC3 in the injured cortex compared with that of the controls ( Fig. 3e and f) . Since lysosomal function can impact autophagosome processing, the above results may explain the decreased autophagosome clearance observed in this study, because decreased lysosome proteins cannot efficiently clear autophagosomes and damaged organelles.
To evaluate whether the CA-ROSC-induced generation of ROS led to the detected changes, we treated male Sprague-Dawley rats with the cell-permeable superoxide dismutase (SOD) mimetic manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin (MnTMPyP), which acts as a ROS scavenger or diluent. CA-ROSC induced a marked increase in the LC3-II and p62 abundance in the cortex, both of which were counteracted by preconditioning with MnTMPyP ( Fig. 3g-i) . To measure oxidative damage following CA-ROSC, products of oxidative stress, such as 4-hydroxynonenal (4-HNE) from lipid peroxidation and 8-hydroxy-2′-deoxyguanosine (8-OHdG) from DNA oxidation, were measured via immunohistochemistry in the damaged cortex (Fig. S1 ). The fluorescence intensities above the thresholds for 4-HNE and 8-OHdG were quantified in the cortex and compared among the sham, CA-ROSC,CQ (chloroquine) and CA-ROSC + MnTMPyP groups (Figs. S1a-c) . CA-ROSC significantly increased the intensities of 4-HNE and 8-OHdG within the injured cortex compared to that of the sham controls. A similar trend of oxidative stress was observed in the CQ rats, in which the levels of these oxidative stress markers remained significantly higher than those of the sham group. Conversely, MnTMPyP markedly reduced the intensities of 4-HNE and 8-OHdG in the injured cortex (Figs. S1a-c) . These results suggest that CA-ROSC-induced ROS generation may prevent autophagosome processing by injuring cellular organelles that need to be removed through autophagy. Conversely, the observed CA-ROSC-induced decline in lysosomal proteins was inhibited by MnTMPyP pretreatment (Fig. 3g , j-l). In conclusion, CA-ROSC is related to the progressive abundance of autophagosomes, along with a ROSindependent decrease in lysosomal proteins and impairment of autophagosome clearance.
Impaired autophagosome clearance leads to neuronal cell death in vitro
Autophagy has been connected with a programmed cell death mechanism [17] . To better understand the mechanism by which impaired autophagosome processing causes neuronal cell death, we subjected embryonic cortical neurons to treatment with rapamycin [18] , which stimulates autophagosome formation, deprived them of nutrients to stimulate autophagy and blocked autophagosome processing through chloroquine preconditioning [19] . Rapamycin treatment provoked an increase in LC3-II abundance ( Fig. 4a and b) , suggesting stimulation of autophagy, clearance of p62, and thus, an intact flux compared with that of the control (Fig. 4a, c) . In contrast, blocking autophagosome processing with chloroquine caused accumulation of LC3-II and p62 and increased cell death ( Fig. 4a-c) , indicating impaired autophagosome clearance; this impairment was sufficient to cause neuronal cell death or to stimulate autophagy following application of rapamycin or nutrient deprivation (Fig. 4d) . To determine the mechanism of neuronal cell death caused by chloroquine, we speculated that autophagosome accumulation blocked the clearance of impaired endocellular organelles and proteins and increased ROS generation, leading to mitochondrial membrane permeabilization and activation of programmed cell death and/or necrosis. Indeed, chloroquine treatment increased ROS generation combined with loss of the mitochondrial membrane potential (Fig. 4e) . Interestingly, chloroquine-induced ROS generation was restrained by pretreatment with an inhibitor of the mitochondrial membrane permeability transition pore (cyclosporine A) ( Fig. 4e-g ), suggesting that ROS generation was upstream of mitochondrial membrane permeabilization. In our experiment, pretreatment with both cyclosporine A and ZVAD-fmk (a pan caspase inhibitor) could attenuate chloroquine-induced cell death under both elementary and rapamycinstimulated autophagy conditions (Fig. 4h) . Together, these data suggest that the necrosis and apoptosis pathways are activated by autophagosome accumulation.
OGD-induced Beclin-1 upregulation is mediated by ROS
Autophagosome processing has been noted to be impaired in PC12 cells subjected to in vitro oxygen-glucose deprivation (OGD) insult [20] . To investigate the mechanism of autophagy and ROS in vitro, we subjected embryonic cortical neurons to oxygen/glucose deprivation and reperfusion (OGD-Rep). Expression of the autophagic markers LC3-II/p62 in the cortex after 0, 2 h/12 h, 2 h/6 h, and 4 h/6 h of OGD-Rep was assessed by western blotting. The quantitative analysis showed an impaired autophagic flux after OGD-Rep, with a maximum at 4 h/6 h (Figs. S2a-c). Collectively, these data show an impaired autophagic flux following OGD-Rep insult.
The accumulation of autophagosomes and autolysosomes was assessed with a tandem reporter construct (RFP-GFP-LC3) as described previously [21] . Neuronal cells in culture showed a basal autophagy level with a predominance of autolysosomes (GFP-, RFP+, red) and a few autophagosomes (GFP+, RFP+, yellow). An increase in the Beclin-1 abundance was observed after the onset of OGD-Rep (Fig. 5a ). In vitro OGD injury following pretreatment with MnTMPyP to reduce ROS prevented an OGD-induced increase in Beclin-1 abundance through a clear excess of autolysosomes in neuronal cells subjected to OGD-Rep ( Fig. 5a-d) . These results suggest that OGD-induced ROS generation activates autophagosome formation but impairs elimination.
Partial Beclin-1 silencing and LAMP2 overexpression therapy ameliorate impaired autophagosome processing
Many studies have shown the effects of Beclin-1 haploinsufficiency in pathological conditions [822] , including ischemia/reperfusion injury [18] , in addition to the indispensable role of this protein in autophagy, which is crucial for autophagy-mediated cell survival. However, whether the observed CA-ROSC-induced increase in Beclin-1 or the decline in the LAMP2 level contributes to ROS-induced impairment of autophagic flux is unknown. To examine the hypothesis that segmental silence of Beclin-1 and restoration of LAMP2 would restore autophagic flux and attenuate OGD-induced cell death, we transduced embryonic cortical neurons with increasing doses of an adenovirus encoding Beclin-1 shRNA expression and rat LAMP2. Exogenous LAMP2 expression prevented the decline in LAMP2 levels after OGD injury (Fig. 6a, d) . Importantly, exogenous LAMP2 expression restored autophagic processing, as indicated by the decreased LC3-II and p62 levels ( Fig. 6a-c) . The effects of Beclin-1 silencing were dose-dependent ( Fig. 6e and f) . Although minimal Beclin-1 silencing could restore autophagosome processing, as indicated by the reduced LC3-II and p62 levels ( Fig. 6e-g ), further silencing of Beclin-1 decreased the abundance of autophagic proteins (Fig. 6e-f ), indicating suppression of autophagosome formation. Altogether, these data suggest that the increased Beclin-1 levels observed with OGD contribute to the impaired autophagosome clearance; however, basal Beclin-1 levels are essential for the induction of autophagosome formation to counter OGD injury. Restoration of autophagic processing via partial Beclin-1 silencing and LAMP2 overexpression was individually associated with decreased cell death after OGD (Fig. 6i) . Further silencing of Beclin-1 (MOI = 10) resulted in inhibition of autophagosome formation and a significant increase in cell death (Fig. 6i ) in embryonic cortical neurons cultured under normal conditions and in response to OGD injury, underscoring a necessary role for autophagy in neuronal cell survival.
The Beclin-1 gene regulates the transcription of autophagy genes
To confirm the established role of Beclin-1 in inducing autophagosome formation, our experiment showed that partial Beclin-1 silencing enhanced autophagosome processing in an OGD model (Fig. 6e-h ). To further investigate the role of Beclin-1 in the autophagy process, we examined Beclin-1 overexpression in vitro. Overexpression of Beclin-1 induced autophagosome formation, impaired autophagosome clearance, increased the LC3-II and p62 levels, and decreased the LAMP2 level in a dose-dependent manner (Fig. 7a-e) . Interestingly, the high Beclin-1 expression level (MOI = 100) inhibited autophagy-related gene transcription (predating the observed protein changes) for LC3 and LAMP2 but not SQSTM1 and increased cell death (Fig. 7f-i) . These results provide evidence that Beclin-1 protein level is important for transcriptional initiation of cellular autophagy and is an essential cellular control point for the relevant autophagy-lysosomal proteins. Collectively, the results show that the ROS-induced increase in Beclin-1 can inhabit autophagosome clearance via transcriptional downregulation of autophagy-lysosome genes.
Discussion
Neurological damage is a common problem in survivors of CA or hypoxic injury. Coeval studies in cortexes subjected to I/R have demonstrated increased autophagosomes and p62 expression [2324] and a decline in lysosomal proteins [7] , which impair autophagosome processing and indicate impaired autophagic flux. However, the mechanism leading to this result remains unknown. In the present study, we found a CA-ROSC-induced decline in LAMP2, which is a protein pivotal for the autophagosome-lysosome machinery, and upregulation of Beclin-1, which impairs autophagic flux with increased ROS generation and mitochondrial permeabilization and thereby contributes to neuronal cell death. Restoration of the LAMP2 levels and partial silencing of Beclin-1 restored autophagosome processing and attenuated CA-ROSC-induced cell death.
Impaired autophagic flux has been implicated in neurodegenerative and lysosomal storage diseases [25] . In our study, we detected colocalization of LC3-II with p62 and LAMP2, which suggested that impaired autophagosome clearance was associated with decreased lysosomal proteins at 6 h after CA-ROSC. In addition, our in vitro findings indicate a caspase-independent pathway. Neuronal cell loss following chloroquine-induced impairment of autophagosome clearance requires caspase activity, as indicated by the marked effect of the pancaspase inhibitor Z-VAD-fmk on cell death. Interestingly, cyclosporine A pretreatment also reduced the neuronal death caused by chloroquine under both control and rapamycin-stimulated autophagy conditions, implying that the impairment of autophagosome clearance was accompanied by mitochondrial permeabilization. However, the impaired autophagosome clearance was also correlated with cell necrosis in the Csn8/CSNdeleted mouse [26] . Additionally, impaired autophagosome processing leads to cardiomyocyte injury after ischemia/reperfusion [8] , indicating that it may be more detrimental than damaged autophagosome formation in I/R injury [27] . Indeed, autophagosome accumulation was observed in necrotic cardiomyocytes, raising the possibility that impaired autophagosome clearance could be a major cause of cardiomyocyte death in diseased hearts [28] .
To explore further the mechanisms of impaired autophagosome processing in neurons, we examined why autophagy, which facilitates neuronal cell survival after CA-ROSC, was implicated in causing cell death. In neurons, enhanced generation of ROS due to increased monoamine oxidase-B activity contributes to defective removal of damaged mitochondria, thus contributing to neuronal cell death [21] . Previous animal studies of promising ROS scavengers and ROS degrading agents in stroke failed to translate successfully in clinical trials, and it is still unclear whether the scavenging approach will meet the same fate in CA-ROSC [2930] . Targeting the generation of ROS may be a more successful avenue of therapy for brain injury. 30 Additionally, cell apoptosis and organ damage were also found due to mitochondrial X. Wang, et al.
Free Radical Biology and Medicine 136 (2019) 87-95
injury and subsequent ROS overproduction; these effects might be associated with increased mitophagy [31] . Our data showed that the ROS inhibitor could be responsible for impaired autophagy in the cortex following CA-ROSC injury. We hypothesize that increased ROS generation may contribute to defects in autophagic flux, which in turn has an impact on neuronal cells. We treated the cells with cyclosporine A to inhibit the mitochondrial permeability transition and observed decreased ROS generation. Thus, our data indicate a potential common mechanism that results in neuronal cell death due to ROS, mitochondrial permeabilization and CA-ROSC insults. An interesting observation of this study is the decrease in LAMP2 after CA-ROSC. LAMP2 is an essential protein of the autophagosomelysosome pathway [32] . In a previous study, we found a close connection between LAMP2 and ischemia/reperfusion injury [7] . LAMP2 knockdown impairs the autophagic flux in male rats and causes cell death at levels comparable to those of autophagy inhibition with 3-MA [33]; furthermore, loss of LAMP2 protein expression [3435] due to mutations in individuals with Danon disease leads to cardiomyocyte autophagosome accumulation and excess myocardial fibrosis [36] , suggesting cardiomyocyte death. Regarding whether LAMP2 plays a role in neurodegenerative disease, we found that exogenous LAMP2 expression accelerated autophagosome processing, indicating an important role for this protein in the CA-ROSC model. Matsui et al. [18] reported that reperfusion was associated with upregulation of Beclin-1 and that Beclin-1-haploinsufficient mice showed a decreased autophagosome abundance and reduced programmed cell death following in vivo ischemia/reperfusion injury compared to those of the controls. The hypothesis that Beclin-1 haploinsufficiency caused a reduction in autophagosome abundance by preventing autophagy initiation was supported by our results, which demonstrated that Beclin-1 activated autophagosome processing, most likely by inhibiting the transcriptional downregulation of the autophagy-lysosome pathway due to increased Beclin-1 levels; this result suggests that sufficient Beclin-1 expression is necessary to promote autophagic processing. Increased silencing of Beclin-1 could impair autophagosome processing, thereby impairing autophagic flux and leading to increased neuronal cell death. A decline in beclin-1 may also restore autophagic flux by preventing the link to Rubicon, a GTPaseregulating protein that localizes to the late-stage autophagosome for processing and inhibits autophagic processing [37] . In our study, partial Beclin-1 silencing conferred benefits in addition to those of LAMP2 overexpression despite restoration of autophagic flux, which was a similar result and suggested that other mechanisms, such as a decrease in the p53 [38] level or recovery of mitochondrial function [22] , could also play an effective role. Therefore, moderate Beclin-1 expression may act as a key factor to determine efficient autophagic degradation of targeted damaged organelles and ensure autophagosome clearance and cellular homeostasis [35] .
Our results demonstrate that impaired autophagosome clearance results in increased ROS generation, which triggers mitochondrial permeabilization, leading to necrosis and apoptosis in the cortex following CA-ROSC injury; these results show the function of the autophagic flux and demonstrate its role in cardiac arrest and physiology. At present, whether this mechanism underlying impaired autophagic flux is widespread or occurs only in this specific model is unclear; the question will be pursued in future research. However, inhibiting ROS generation and/or restoring autophagic flux may delay organ degeneration and decrease the damage caused by CA-ROSC. Therefore, these cell homeostasis mechanisms may have clinical significance for neuroprotection.
Materials and methods
Animals
Adult male Sprague-Dawley rats (Shanghai Jiaotong University Experimental Animals Center, Shanghai, China) weighing 250-350 g were used. Embryonic cortical neurons were isolated from pregnant Sprague-Dawley rats (E16). In all experiments, six rats were included in each group. The animals were supplied by the Animal Research Committee of Shanghai Jiaotong University [SYXK (Shanghai, China) 2011-0128, 1 January 2011], and all experiments complied with the National Institute of Health Guide for the Care and Use of Laboratory Animals (no. 2016-0056). In addition, all experiments were reported in compliance with the ARRIVE guidelines. Efforts were made to minimize any suffering or discomfort and to reduce the number of animals used.
CA model and drug administration
The rats were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg). Then, the rats were fixed on a homeothermic board that was maintained at 37°C, and their rectal temperature was maintained at 37.5°C ± 0.5°C. The arteria artery was cannulated to detect the mean arterial pressure (MAP). Endotracheal intubation was performed with a 14G catheter (TERUMO Surflash i.v. catheter), and the animals were mechanically ventilated with 50% oxygen and 50% nitrogen gas at 40 breaths per minute with a rodent ventilator (Harvard Apparatus Model 553438). Asphyxia was induced by neuromuscular blockade and ventilator disconnection, resulting in a MAP≤25 mmHg for 3 min. After 3 min of a MAP≤25 mmHg, CPR was induced by loosening the tracheal tube, restarting mechanical ventilation, administering epinephrine (5 mg/kg, i.v.) and performing a heart press with two fingers (180 compressions/min). Spontaneous generation of a MAP > 60 mmHg was defined as successful ROSC. Animals were excluded from the experiment if they required more than 2 min of CPR to achieve ROSC. After ROSC, all care was standardized. The sham rats underwent surgery but no CA.
In vivo, the rats were pretreated with the SOD mimetic MnTMPyP (6 mg/kg i.p. as a ROS scavenger) or saline. In vitro, the indicated concentrations of tetramethylrhodamine ethyl ester (TMRE, Invitrogen, T-699), 5-and 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA; Invitrogen, C-400), CQ (Sigma, C6628), fmk-zVAD (Calbiochem, 627610), cyclosporine A (Calbiochem, 239835) and rapamycin (EMD Biosciences, 553212) were dissolved in normal cell culture medium and added to the cells. Fig. 7 . Beclin-1 levels regulate transcription of autophagy genes to affect autophagosome processing. a, Immunoblots depicting Beclin-1, LC3, p62, and LAMP2 expression in neuronal cell infected with increasing doses of adenoviruses (MOI = 1, 10, 50, and 100) coding for BECLIN-1 or LacZ as control for 48 h. b-e, Densitometric analysis (mean ± SEM, n = 5 per group) of the proteins from (a) normalized to the respective loading controls (n = 5, *P < 0.05,**P < 0.01, ***P < 0.001). f-h, Real-time PCR-based quantification of LC3, SQSTM1, LAMP2, transcripts in neuronal. adenovirally transduced with Beclin-1-or LacZ (100 MOI) as control for 24 h(n = 5 per group *P < 0.05) i, Cell death in neuronal cell treated as in (a). n = 10-30 per group *P < 0.05, **P < 0.01.
Embryonic cortical neuron culture
Embryonic cortical neuron cultures were generated from embryonic (E16) rats. Cells were spread on plates coated with poly-d-lysine (Sigma, P7886) and cultured in DMEM (Gibco, 10099-141) containing 25 Mm glucose, 4 mM glutamine, 1 mM sodium pyruvate, and 5% FBS at a density of 2 × 10 5 cells ml −1 (1 ml for 12-well format, 0.5 ml for 24-well format). At 24 h after seeding, the medium was changed to neurobasal medium (Gibco, 21103049) with 2% B-27 (Gibco, 17504-044), 10 U/ml penicillin, 10 U/ml streptomycin and 0.5 mmol/L glutamine . The cultures were maintained for 7 d before treatment and routinely observed under a phase-contrast inverted microscope.
OGD procedures and cell viability assay
For the OGD-Rep treatment, the cells were cultured with glucosefree DMEM (Gibco) and then immediately placed in a specialized and sealed chamber (Billups-Rothenburg, MIC-101) loaded with a gas mixture consisting of 5% CO 2 and 95% N 2 . After 2 h of OGD, the cells were moved to normal culture medium. For prolonged OGD, primary neurons were kept in the chambers for 4 h, and the indicated concentrations of chemicals were given at the beginning of the OGD. Control cells had their medium refreshed equally but were incubated in normal DMEM for 2 h and 4 h for OGD-Rep and underwent OGD alone at 37°C in an atmosphere with 5% CO 2 . Cell viability was determined by comparison with control cells using the CCK8 assay after treatment.
Flow cytometry
The cells were fixed with an indicator of an intact mitochondrial membrane potential (TMRE) at 50 nmol/L and then subjected to flow cytometric analysis in the FL2 channel. For ROS measurement, neuronal cells were treated with carboxy-H2DCFDA (a ROS indicator) at a final concentration of 10 μmol/L and subjected to flow cytometric analysis in the FL1 channel. The following wavelength settings were used to monitor the oxidized fluorescent metabolite of each probe: H2DCF-DA, excitation 485 nm/emission 530 nm; TMRE, excitation 543 nm/emission 560 nm.
Immunohistochemistry
At the specified time points after CA-ROSC, the rats were anesthetized and transcardially perfused with ice-cold saline and 4% paraformaldehyde in PBS (pH 7.4). The brains were removed, postfixed in 4% PFA for 1 d at 4°C and then dehydrated in 20/30% sucrose. Frozen sections (20 μm thick) from these brains were cut and mounted on slides. The sections were blocked with 5% goat serum (Millipore, S26-LITER) in TBS containing 0.1% Triton X-100 (Sigma, X100) for 2 h at room temperature. The slides were incubated with primary antibodies overnight and then with secondary antibodies for 2 h at room temperature. The nuclei were stained with DAPI for 5 min at room temperature.
The primary antibodies used for immunohistochemistry included LC3 
Immunoblotting
At 1.5, 3, 6, 12 or 24 h after CA-ROSC or sham surgery, the rats were deeply anesthetized with pentobarbital sodium and transcardially perfused with cold PBS; then, their brains were removed immediately. The isolated samples were homogenized in RIPA buffer (Teknova, R3792) containing a protease inhibitor (#78429, Thermo Fisher, Rockford, IL, USA) and phosphatase inhibitor (Sigma, P0044) with a Tissue-Tearor. The homogenate was centrifuged at 12,000 RPM for 20 min at 4°C, and the supernatant was collected for further analysis. A BCA kit (P0009, Beyotime Technology) was used to determine the protein concentration. Samples with 20 μg of protein were separated on 4-20% SDSpolyacrylamide gels and transferred onto 0.2 μm nitrocellulose membranes. The blots were blocked with 5% nonfat dry milk for 1 h at room temperature with gentle shaking. After blocking, the blots were incubated with appropriate primary antibodies (listed below) at 4°C. The membrane was washed with 1 × TBST and then incubated with secondary antibodies. Bound proteins were detected using the ImageQuant LAS 4000 (General Electric Company, USA) with an enhanced ECL substrate (#34080, Thermo Fisher), and the band densities were quantified using the ImageJ software (version 4.0.0, USA).
The following antibodies were used for immunoblotting: rabbit antipmTOR (1:1000, #2974), rabbit anti-mTOR (1:1000, #2983), rabbit anti-LC3 (1:2000, ab51520), rabbit anti-p62 (1:1000, ab109012), rabbit anti-Beclin-1 (1:1000, sc-11427), rat anti-LAMP2 (1:500, ab13524), mouse anti-β-actin (1:2000, Santa Cruz Biotechnology), goat anti-rabbit secondary antibody (1:3000; Cambridge, MA, USA) and goat antimouse secondary antibody (1:3000, HA1006).
Transfection of primary cultured neurons with short hairpin RNA
To achieve high transfection efficiency in primary cultured neurons, we constructed adeno-associated viruses (AAVs) containing Beclin-1 and LAMP2 (Obio Technology Corp., Ltd.). The neurons were incubated with the AAVs for 6 d in vitro. A short hairpin RNA (shRNA) targeting mouse Beclin-1 (5′-GCAUCAUCUUUGAAGUGAA-3′) and a scrambled control shRNA (5′-AUGAAGTGAAUUGCUCAA-3′) were synthesized by GenePharm (Shanghai). After transfection in antibiotic-free medium for 8 h, the cells were returned to normal medium.
Real-time PCR
Total mRNA was prepared from the neonatal rat cortex using the RNeasy Mini Kit (Qiagen), and cDNA was synthesized using a Tissue kit (Qiagen, 69506). The real-time PCR was performed in the ABI 7500 Fast Real-Time PCR System. The housekeeping gene GAPDH was amplified in parallel as a reference for quantification of the transcripts encoding LC3, p62 and LAMP2. The primer sequences were as follows: 1) Rat MAP1LC3B (LC3): forward 5′-TTTGTAAGGGCGGTTCTGAC-3′ and reverse 5′-CAGGTAGCAGGAAGCAGAGG-3′; 2) Rat SQSTM1 (p62): forward 5′-GCTGCCCTGTACCCACATCT-3′ and reverse 5′-CGCCTTCAT CCGAGAAAC-3′; 3) Rat LAMP2: forward 5′-TCTTCAGCGTGCAAGTC CAG-3′ and reverse 5′-ATGAGGACGATGAGGACCAG-3′ (developed and validated internally) and 4) Rat GAPDH: forward 5′-ACTCCCACTCTT CCACCTTC-3′ and reverse 5′-TCTTGCTCAGTGTCCTTGC-3′.
Statistical analysis
SPSS 23.0 and GraphPad Prism 7.0a were used for the statistical analysis. All statistical results are expressed as the mean ± SEM. Oneway ANOVA followed by a post hoc Bonferroni test was used to compare differences among groups. Two-way ANOVA was performed followed by Tukey's post hoc test to evaluate the results. P < 0.05 was considered statistically significant.
